. Effects of surfactant proteins SP-B and SP-C on dynamic and static mechanics of immature lungs. J. Appl. Physiol. 83(6): 1849-1856, 1997.-To investigate the effects of surfactant proteins B (SP-B) and C (SP-C) on lung mechanics, we compared tidal and static lung volumes of immature rabbits anesthetized with pentobarbital sodium and given reconstituted test surfactants (RTS). With a series of RTS having various SP-B concentrations (0-0.7%) but a fixed SP-C concentration (1.4%), both the tidal volume with 25-cmH 2 O insufflation pressure and the static volume deflated to 5-cmH 2 O airway pressure increased, significantly correlating with the SP-B concentration: the former increased from 6.5 to 26.0 ml/kg (mean), and the latter increased from 6.4 to 31.8 ml/kg. With another series of RTS having a fixed SP-B concentration (0.7%) but various SP-C concentrations (0-1.4%), the tidal volume increased from 5.1 to 24.8 ml/kg, significantly correlating with the SP-C concentration, whereas the static volume increased from 3.4 to 32.0 ml/kg, the ceiling value, in the presence of a minimal concentration of SP-C (0.18%). In conclusion, certain doses of SP-B and SP-C were indispensable for optimizing dynamic lung mechanics; the static mechanics, however, required significantly less SP-C. lung volume; newborn rabbit; surface adsorption; tidal volume; ventilation THE CONTRACTILE FORCE of the alveoli is reduced by surfactant adsorbed to form a surface film at the air-liquid interface. Static pressure-volume recordings of the lung, especially during deflation from the maximum inflation, reflect the contractile force and have been used to estimate the activity of pulmonary surfactant (6, 8, 12, 16, 19, 20, 28) . The effects of surfactants on lung mechanics, however, may differ between dynamic and static conditions: the properties of the surface film during ventilation are changed by the surface adsorption speed of surfactant molecules (11), and airway resistance is altered by surfactant activity that also reduces the contractile force of the bronchioles (5). Changes in the composition or properties of surfactants, therefore, may separately alter the tidal and static volumes of the lung.
THE CONTRACTILE FORCE of the alveoli is reduced by surfactant adsorbed to form a surface film at the air-liquid interface. Static pressure-volume recordings of the lung, especially during deflation from the maximum inflation, reflect the contractile force and have been used to estimate the activity of pulmonary surfactant (6, 8, 12, 16, 19, 20, 28) . The effects of surfactants on lung mechanics, however, may differ between dynamic and static conditions: the properties of the surface film during ventilation are changed by the surface adsorption speed of surfactant molecules (11) , and airway resistance is altered by surfactant activity that also reduces the contractile force of the bronchioles (5) . Changes in the composition or properties of surfactants, therefore, may separately alter the tidal and static volumes of the lung.
Surfactant contains several kinds of phospholipids and four protein families [surfactant protein (SP)], classified into the water-soluble type (SP-A and SP-D) and the hydrophobic type (SP-B and SP-C). It is generally believed that the phospholipids need the collaboration of SPs, especially hydrophobic SPs, for the development of surface activity (for review, see Ref. 9 ). The precise roles of SP-B and SP-C, however, are not completely clear. In the present study, we compared tidal volume seen on mechanical ventilation and the static volume of the lung in immature newborn rabbits in which alveolar surfaces had been replaced with several reconstituted test surfactants having various SP-B and SP-C concentrations and evaluated the roles of each SP in the dynamic and static mechanics of the lung. For these purposes, we also examined physical surface properties of the test surfactants by using a pulsating-bubble technique.
METHODS

Preparation of test materials.
A ''complete'' natural surfactant (CNS) was prepared from alveolar lavage fluid of recently slaughtered pigs as described by Frosolono et al. (7) . Briefly, the lavage fluid was centrifuged (150 g, 10 min) to remove cell debris, and the supernatant was further centrifuged (2,000 g, 1 h, 4°C). The resulting white pellet (white layer) was suspended in normal saline containing 1 mM EDTA and then was layered over 0.25 and 0.68 M sucrose solutions. After centrifugation (75,000 g, 1 h), the band between the two sucrose solutions was dialyzed against distilled water and lyophilized to represent CNS.
A modified natural surfactant (MNS) was obtained from the white layer by removing the water-soluble proteins (mostly SP-A and SP-D) with chloroform-methanol (2:1, vol/ vol) extraction and also by removing neutral lipids by acetone precipitation (14) . MNS was dissolved again in chloroformmethanol (1:1, vol/vol) containing 0.1 N hydrochloric acid at a concentration of 5%, and then fractions of SP-B, SP-C, and lipids were separated by using column chromatography (Sephadex LH-60, Pharmacia Biotechnology, Uppsala, Sweden) with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Fig. 1) . Fractions containing SP-B and SP-C were individually combined together, and the other fractions not containing protein were combined as isolated lipids (IL). The protein concentrations in these materials, including CNS and MNS, were determined by the micro-Kjeldahl method (25) . The phospholipid components were separated by thin-layer chromatography, stained with molybdic acid, and quantified with a chromatoscanner (model CS-930, Shimadzu, Tokyo, Japan). Other lipids were quantified by gas chromatography (model GC-9A, Shimadzu).
We also prepared several reconstituted test surfactants (RTS) in two series, the SP-B series and the SP-C series. For the former series, SP-C was first added to IL, together with the organic solvent used in the column chromatography, with the SP-C concentration at 1.4% adjusted by weight relative to IL. Then, five RTS were made by adding SP-B to the mixture in various concentrations (0-0.7%): 0% (no SP-B), 0.09% (one-eighth of the maximum), 0.18% (one-fourth of the maximum), 0.35% (one-half of the maximum), and 0.7% (the maximum). For the SP-C series, SP-B was first mixed with IL at a concentration of 0.7%. Five RTS were then made by adding SP-C in various concentrations (0-1.4%): 0% (no SP-C), 0.18% (one-eighth of the maximum), 0.35% (one-fourth of the maximum), 0.7% (one-half of the maximum), and 1.4% (the maximum). RTS containing both SP-B and SP-C at their maximum concentrations were combined because they had identical compositions.
All RTS and IL were suspended, after evaporation of the organic solvent, in normal saline by repeatedly drawing them into, and expelling them from, a syringe and then by incubation in an ultrasonic bath (Branson 3200, Yamato, Tokyo, Japan) at 45°C for 3 min (19) . These suspensions showed pH values below 2.5 by using test paper (Advantec, Toyo Roshi, Tokyo, Japan). We corrected the pH to 5.5-6.5, similar to the values observed in our laboratory in the lung liquid of immature newborn rabbits, by adding 0.1 N sodium hydroxide solution. The final phospholipid concentration of the suspension was adjusted to 50 mg/ml for biological assessment and to 10 mg/ml for evaluation of physical surface properties. CNS and MNS were also suspended in normal saline in the same manner, but the pH (ϳ5.8) was not corrected. These suspensions were frozen and stored at Ϫ20°C.
Measurement of tidal volume and survival rate (Fig. 2) . We performed three experiments in which a total of 154 immature newborn rabbits (from 23 does) were used. The animals were delivered by hysterotomy at a gestational age of 25 days 18-23 h and were immediately tracheotomized under anesthesia with intraperitoneal pentobarbital sodium (0.5 mg). In experiment 1, we randomized 34 of them for CNS, MNS, IL, or plain normal saline. In experiment 2, we randomized 61 others for IL, MNS, or one of the five RTS of the SP-B series; and in experiment 3, we randomized another 59 for IL, MNS, or one of the five RTS of the SP-C series. They were given, via the tracheal cannula, 100 µl of fluid containing the corresponding test material before taking their first breath and were transferred to a system of multiple-body plethysmographs (13) kept at 37°C. They were then relaxed with intraperitoneal pancuronium bromide (0.02 mg) and subjected in parallel to pressure-controlled ventilation. The respirator unit (Servo 900B, Siemens-Elema, Solna, Sweden) delivered 100% oxygen at a frequency of 40 breaths/min with a 50% inspiration time.
The insufflation pressure was first raised to 35 cmH 2 O for 1 min to enhance distribution of the administered materials and then was lowered to 25 cmH 2 O for 15 min and to 20 and 15 cmH 2 O for 5 min each. Finally, the pressure was again raised to 25 cmH 2 O for 5 min. No end-expiratory pressure was applied to the common tube of the ventilatory circuit. We continuously monitored the pressure of the circuit with a conventional transducer (model TP-400T, Nihon Kohden, Tokyo, Japan) and confirmed that the above predetermined ventilatory conditions were precisely maintained. Individual tidal volumes were recorded at the end of each 5-min interval by means of a pneumotachograph that consisted of a specially designed flow-resistant tube, a differential pressure transducer (model TP-602T, Nihon Kohden), and an integrator unit (model AR-601G, Nihon Kohden). A volume change of 0.02 ml could be detected by this system. Electrocardiograms were recorded immediately after the period of ventilation, and animals showing QRS complexes at a frequency of over 100 beats/min were considered survivors.
Static pressure-volume recordings of the lung-thorax system (Fig. 3) . After electrocardiography, another 0.5 mg of pentobarbital sodium was given intraperitoneally for additional anesthesia, and absorption atelectasis was induced by plugging the endotracheal cannula. The abdomen of each animal was opened after death to inspect the diaphragm for evidence of pneumothorax. Thereafter, the plug of the cannula was removed, and animals were left for 1 h at 37°C so as to intensify the atelectasis. Next, animals were connected in parallel to an apparatus for the static pressure-volume recordings of the lung-thorax system (6) with the temperature maintained at 37°C. The airway pressure was raised stepwise from 0 to 30 cmH 2 O with 1 min of stress relaxation at each 5-cmH 2 O level and then was lowered in a similar fashion to 0 cmH 2 O. The volume measurements were corrected for air compression.
Measurement of physical surface property. Suspensions of the test materials were placed in the sample chamber (capacity ϭ 25 µl) of a pulsating-bubble apparatus (Electronetics, Amherst, NY) and were heated to 37°C. A bubble (radius ϭ 0.40 mm) in connection with the ambient air was created in the suspension within 0.2 s while the pressure across the air-liquid interface was continuously monitored for 10 s. The surface tension (␥) of these suspensions was calculated from the pressure and the radius according to the law of Laplace (pressure ϭ 2␥/radius). We measured the surface adsorption time, which is the interval between the start of the bubble formation and the moment when ␥ had decreased to 30 mN/m. Then, the bubble was caused to fluctuate in radius between 0.40 and 0.55 mm at a speed of 40 cycles/min. After 5 min of pulsation, the value of ␥ at minimum bubble size (␥ min ) was recorded.
Statistical analysis. Values of tidal volume and static lung volume are shown as means Ϯ SD, and the differences were assessed by analysis of variance followed by Scheffé's method. Linear regression was calculated by the method of least squares. Differences in survival rate were assessed by Fisher's exact test. Data of physical surface properties are presented as median and range, and the differences were examined by the Kruskal-Wallis test. In all assessments, levels of P Ͻ 0.05 were considered significant.
RESULTS
Composition of CNS, MNS, and IL.
The constituents of CNS were phospholipids (77.9% by weight), other lipids (13.1%), and proteins (8.9%). The sum of watersoluble proteins (mostly SP-A and SP-D) accounted for the majority (88.8%) of the protein fraction. The rest, which were hydrophobic proteins, consisted of SP-B and SP-C at a ratio of nearly 1 to 2 (Table 1) . MNS contained phospholipids (98.1%), fatty acids (0.4%), neutral lipids (0.5%), and hydrophobic proteins (1.09%) consisting of SP-B (0.37%) and SP-C (0.72%). The phospholipid composition of MNS was almost the same as that of CNS, and no water-soluble protein was identified in MNS. IL consisted of lipids almost identical to those of MNS and hardly any protein (Ͻ0.01%).
Experiment 1.
Four of the 34 immature newborn rabbits enrolled were excluded because of pneumothorax. Of the 30 animals studied, groups of 7 or 8 received CNS, MNS, IL, or plain normal saline, and their body weights were 24.1 Ϯ 3.9 g, without significant differences among test material groups. All animals given CNS and MNS survived, but survival rates of animals receiving IL and plain normal saline were 38% (3 of 8) and 14% (1 of 7), respectively (P Ͻ 0.05 vs. CNS and MNS).
Tidal volumes measured in experiment 1 are presented in Fig. 4 . Animals given CNS showed a tidal volume of 28.4 Ϯ 2.3 ml/kg at the first measurement with an insufflation pressure of 25 cmH 2 O, and the volume did not significantly change with the time of ventilation. Their mean tidal volumes at insufflation pressures of 20 and 15 cmH 2 O were 18.3 and 8.7 ml/kg, respectively. No significant difference in any tidal volumes was found between animals given MNS and CNS. On the other hand, the tidal volumes of animals receiving IL and plain normal saline were Ͻ4 ml/kg at each insufflation pressure (P Ͻ 0.05 vs. CNS and MNS).
Static pressure-volume recordings of the lung-thorax system during the course of deflation are presented in Fig. 5 . In animals given CNS and MNS, mean lung Fig. 3 . Schema of static pressure-volume recording apparatus for immature newborn rabbits (capacity ϭ 10 animals). Tracheal cannulas of the animals were connected to horizontal tubes, the opposite ends of which were connected with a bottle containing water. Lung volumes changed by stepwise increases or decreases of airway pressure were calculated from distances that water moved in horizontal tubes. Heating device for animals is not shown. volumes were Ͼ63 ml/kg at 30-cmH 2 O airway pressure, and volumes of Ͼ54% (Ͼ34 ml/kg) were maintained when the pressure was decreased to 5 cmH 2 O. No significant difference in lung volume was seen at any airway pressure between animals given CNS and MNS. In animals receiving IL and plain normal saline, the lung volumes were no more than 6 ml/kg at any airway pressure, significantly smaller throughout deflation than in those given CNS and MNS.
Experiment 2: Biological assay for RTS of SP-B series. Six of the sixty-one animals enrolled were excluded because of pneumothorax. From the 55 animals studied, groups of 7-9 were given IL, MNS, or one of the RTS of the SP-B series. The body weight of the animals was 23.5 Ϯ 4.7 g, without significant differences among the test material groups. All animals except those receiving IL survived through the period of ventilation. The survival rate of animals receiving IL was 29% (2 of 7) (P Ͻ 0.05 vs. MNS).
Tidal volumes seen in experiment 2 are shown in Fig.  6 . The volumes measured four times with an insufflation pressure of 25 cmH 2 O are presented as averages. The findings in animals receiving IL (negative controls) and MNS (positive controls) were almost the same as those seen in experiment 1. At an insufflation pressure of 25 cmH 2 O, the tidal volume of animals receiving the RTS containing no SP-B (SP-C ϭ 1.4%) was Ͻ7 ml/kg (P Ͻ 0.05 vs. MNS). The RTS having higher SP-B concentrations caused greater tidal volumes (significant correlation, see Table 2 ), and animals given the RTS containing the maximum SP-B concentration (SP-B ϭ 0.7%, SP-C ϭ 1.4%) showed the tidal volume similar to that of animals receiving MNS. With insufflation pressures of 20 and 15 cmH 2 O, however, the tidal volumes of animals given any RTS did not reach the levels of those receiving MNS (P Ͻ 0.05 vs. MNS). Figure 7 shows static lung volumes recorded in experiment 2 at airway pressures of 30 and 5 cmH 2 O during deflation. These volumes were greater in ani- mals receiving the RTS with higher SP-B concentrations (significant correlation, see Table 2 ), and the volumes in animals given the RTS with the maximum (SP-B ϭ 0.7%, SP-C ϭ 1.4%) were similar to that of animals receiving MNS.
Experiment 3: Biological assay for RTS of SP-C series.
Five of the 59 animals enrolled were excluded because of pneumothorax. From the 54 animals studied, groups of 7-9 were given IL, MNS, or one of the RTS of the SP-C series. Their body weight was 24.5 Ϯ 4.1 g, without significant intergroup differences. All animals except those receiving IL survived the period of ventilation. The survival rate of animals receiving IL was 38% (3 of 8; P Ͻ 0.05 vs. MNS).
Tidal volumes observed in experiment 3 are shown in Fig. 8 . The volumes, at an insufflation pressure of 25 cmH 2 O, are presented as averages of four measurements each. The tidal volumes of animals receiving IL and MNS were similar to those seen in experiments 1 and 2. At an insufflation pressure of 25 cmH 2 O, the mean tidal volume of animals receiving RTS containing no SP-C (SP-B ϭ 0.7%) was 5.1 ml/kg, which showed no significant difference from that of animals receiving IL. The RTS having higher SP-C concentrations brought about greater tidal volumes (significant correlation, see Table 2 ), and animals given the RTS of the maximum showed a tidal volume similar to that of animals receiving MNS. With insufflation pressures of 20 and 15 cmH 2 O, however, the volumes did not reach the levels seen in animals receiving MNS, as in experiment 2 (P Ͻ 0.05 vs. MNS). Figure 9 shows the static lung volumes recorded in experiment 3 at airway pressures of 30 and 5 cmH 2 O during deflation. These volumes in animals given RTS containing no SP-C were significantly smaller than those in animals that received MNS, but the volumes in animals that were given RTS with the minimum SP-C concentration (0.18%) were similar to those in the newborn rabbits treated with MNS. No greater volumes were found in animals given RTS that had a greater SP-C concentration than the minimum (no correlation, see Table 2 ).
Physical surface properties. Table 3 shows the physical surface properties of test materials used in the present study. CNS and MNS exhibited a ␥ min of Ͻ3.0 mN/m and a surface adsorption time of Ͻ0.18 s (no significant difference between CNS and MNS). In contrast, IL showed a ␥ min of Ͼ23 mN/m (P Ͻ 0.05 vs. In the RTS of the two SP-B and SP-C series, levels of ␥ min were almost the same as ␥ min of MNS until the concentration of the corresponding proteins decreased to one-fourth of the maximum. However, even the RTS with the maximum concentrations of SP-B and SP-C had a significantly longer surface adsorption time than MNS. The RTS with no SP-B and with no SP-C showed nearly the same ␥ min values, but the former exhibited a significantly longer surface adsorption time than did the latter.
DISCUSSION
Immature newborn rabbits delivered before day 26 of gestation (term ϭ 31 days) are almost devoid of pulmonary surfactant, and the tidal volumes under mechanical ventilation, therefore, provide accurate information on the activity of surfactants administered into the lungs (11, 14) . A surfactant preparation with SP-A is reported to improve the dynamic lung compliance of immature rabbits better than such a preparation without it (16, 28) . In experiment 1, however, MNS containing no water-soluble SPs (SP-A and SP-D) exhibited almost the same tidal volumes and static pressurevolume recordings as did CNS, which contained all SPs. In addition, administration of IL, which lacked all the proteins, did not result in any meaningful tidal and static lung volumes. No major errors, therefore, are likely if MNS and IL are used as the reference materials for analyzing the mechanics of the lung influenced by hydrophobic SPs (SP-B and SP-C).
In most surfactant preparations, including CNS and MNS, SP-B and SP-C together represent 1-2% of surfactant components, and the ratio of the former to the latter is 1 to ϳ2 by weight (for review, see Ref. 9) . Several reports have shown that phospholipids mixed with SP-C alone or with its analogs alone can reduce the ␥ of the air-liquid interface and can improve dynamic compliance of the lung at least to some extent (1, 4, 8, 16, 19, 20) . We found in experiment 2, however, that the tidal volume at an insufflation pressure of 25 cmH 2 O increased with the SP-B concentration in the presence of SP-C and showed a significant correlation with it. We can conclude, therefore, that SP-B is an indispensable element in the optimization of dynamic mechanics of the lung. This conclusion is consistent with the results of several animal experiments that showed deterioration of the dynamic mechanics of the lung on administration of antibody to SP-B (12, 22) and may also coincide with a clinical report that found progressive respiratory failure in premature infants with an inherent deficiency of SP-B (15) .
SP-B has alternating ␣-helical and ␤-sheet domains and a periodic distribution of polar and nonpolar residues in the former (26) . It is speculated from these molecular structures that SP-B is an amphiphilicsurface-seeking substance (23) . The precise ways in which SP-B modulates the mechanics of the lung are unknown, but several investigators have speculated that SP-B plays a role in accelerating the surface adsorption of phospholipid molecules (12, 17, 30) . To maintain the alveolar air spaces and the normal dynamic mechanics of the lung, phospholipid molecules that leave the air-liquid interface during surface compression (expiration) must be rapidly replenished from the hypophase by adsorption during surface expansion (inspiration). Among the RTS of the present study, that with no SP-B showed the longest surface adsorption time. This suggests that the roles of SP-B in the improvement of tidal volume are related, at least in part, to the acceleration of surface adsorption.
Static pressure-volume recordings are thought to be little influenced by surface adsorption rate, because the phospholipid molecules are allowed enough time for the adsorption process at each pressure step. In experiment 2, the tidal and static volumes of the lung improved within the same concentration range of SP-B. We, therefore, find it difficult to explain the improvement of tidal volume on the basis of surface adsorption alone. On the basis of the structure of SP-B or its analogs, some scientists have proposed the hypothesis that SP-B has the function of stabilizing the phospholipid monolayer during surface compression (2, 17, 24, 29) . The results of experiment 2 do not contradict the monolayer stabilization hypothesis.
In experiment 3, we gave the animals a series of RTS that had a fixed SP-B concentration (0.7%). Several studies have shown that phospholipids mixed with SP-B or its analogs can improve the dynamic compliance of the lung without the aid of SP-C (2, 3, 16, 19, 21, 29) . We found, however, that the tidal volumes of the present animals at an insufflation pressure of 25 cmH 2 O increased, showing a positive correlation with SP-C concentration. We think, therefore, that SP-C is also an indispensable element in optimizing the dynamic mechanics of the lung, at least within the concentration range existing in natural surfactant.
SP-C has an ␣-helical domain that is extraordinarily hydrophobic, and this ␣-helical portion may be inserted into lipid bilayers of surfactant (10) . The data of the present study are insufficient for analyzing the structural and functional implications of SP-C. We found, however, that even RTS containing SP-C at the minimum concentration (0.18%) promoted static lung volumes similar to those with MNS, and the volume did not show any dependency on SP-C above this concentration. These findings are clearly disparate from those of tidal volume and may support the assertion that findings obtained in static measurements do not always show the overall activity of a surfactant (11) . Several investigators have addressed the possible roles of SP-C in monolayer function (4, 18) . In addition, some researchers are speculating that SP-C accelerates the adsorption of the phospholipid bilayer to an interfacial monolayer (1, 17, 27, 29) . We can deduce from these considerations that SP-C may play roles in both dynamic and static mechanics of the lung. In the latter, however, the required dose of SP-C is significantly less than that in the former.
From the findings obtained by the pulsating-bubble technique, we can deduce, at least within the concentration range of the present study, that both SP-B and SP-C are indispensable for reducing the ␥ min to below 3 mN/m, the same level as with MNS. It is believed that materials showing a low ␥ min may also reduce the alveolar contractile force to a similar extent at the end of expiration, because this technique compresses and expands the surface of the sample liquid at a rate similar to the respiratory frequency. The low ␥ min , therefore, may be a necessary factor for normalizing the functional residual capacity and dynamic mechanics of the lung. In the present study, however, RTS with ␥ min of Ͻ3 mN/m did not always normalize the tidal volume, and so the ␥ min value may be of limited use for estimating the biological ability of surfactant.
We isolated SP-B and SP-C from MNS by dissolution in a chloroform-methanol mixture containing hydrochloric acid. Without the addition of an alkaline solution, therefore, all RTS suspended in normal saline showed a pH of below 2.5 and did not yield a ␥ min of Ͻ16 mN/m (data not shown). Although some RTS exhibited a ␥ min of Ͻ3 mN/m when the pH was corrected to 5.5-6.5, the degeneration of some elements due to the acidity could not be denied. In fact, RTS containing both SP-B and SP-C at nearly twice the concentration in natural surfactant did not show a short surface adsorption time similar to that of MNS and did not normalize the tidal volumes when the insufflation pressure was below 20 cmH 2 O. As the cause of this shortcoming, factors other than the degeneration may need examination. These would include factors such as loss of important elements and incomplete reconstitution of the lipids and proteins. In addition, it is necessary to ascertain whether the tidal volume with insufflation pressures of Ͻ20 cmH 2 O would increase to the same extent as with MNS, if SP-B and SP-C concentrations were raised.
Too little is still known to allow analysis of the functional and structural implication of SPs. We deduce, however, that SP-B and SP-C are indispensable elements in the optimization of respiratory function, because they affected the dynamic and static mechanics of the lung. In addition, we conclude that the dose of SP-C required for static mechanics is significantly less than that for dynamic mechanics.
